Hydrogen evolution behavior during tensile deformation and fracture in hydrogen-charged and uncharged carbon steels was investigated using a hydrogen microprint technique (HMT). A tensile testing machine equipped with a mass spectrometer placed in an ultrahigh vacuum (UHV) chamber was used to detect hydrogen evolution during the tensile test. In the uncharged specimens, the HMT revealed that silver particles, which represented the emission sites of hydrogen, were clearly observed when the applied strain increased. The accumulation of the silver particles along the slip lines was observed at the surface of the highly deformed specimens adjacent to the fracture zone. This indicated that hydrogen atoms primarily dissolved in the specimen were transported by mobile dislocations. In the hydrogen-charged specimen, a large number of silver particles were distributed almost uniformly in the matrix even in the undeformed state; however, the preferential distribution of the silver particles on the slip lines was not clearly identified, probably due to the low fracture strain, which resulted from the hydrogen embrittlement. In all the specimens, HMT showed that silver particles were not visible directly on the Al 2 O 3 inclusions after the deformation. Mass spectrometry analysis in the UHV tensile test revealed that evolution of hydrogen gas increased significantly when the specimens were strained to a level that corresponded to maximum stress.
Introduction
For several decades, numerous studies have investigated the hydrogen embrittlement of steels. [1] [2] [3] [4] From these studies, it is known that hydrogen embrittlement of steels is closely related to the effect of diffusive hydrogen on the plastic deformation. 5) However, the behavior of diffusive hydrogen in steels during deformation has not yet been fully understood. This is because it is difficult to detect traces of hydrogen below 1 mass ppm in steels. Nagumo [6] [7] [8] recently reported that diffusive hydrogen atoms cause nanoscale damage to steels during plastic deformation owing to the interaction of hydrogen atoms with lattice defects such as vacancies, dislocations, voids, and inclusions. It is difficult to detect diffusive hydrogen directly in steels using conventional methods; however, Nagao 9, 10) succeeded in visualizing hydrogen diffusion to the steel surface after plastic deformation using the hydrogen microprint technique (HMT). 11, 12) Using this technique, it is possible to detect hydrogen atoms on the basis of chemical reactions occurring between silver bromide and hydrogen. The present authors have also reported that it is possible to detect the path of hydrogen diffusion in hydrogen-charged low-alloy steel using HMT. 13) It is believed that hydrogen evolution behavior during deformation provides necessary information regarding the hydrogen embrittlement of steels. In this study, the hydrogen evolution behavior during tensile deformation and fracture in carbon steels was examined using HMT and a tensile testing machine which is equipped with a mass spectrometer installed in an ultrahigh vacuum (UHV) chamber. 14, 15) 2. Experimental Procedure
Materials and hydrogen charging
The material used in the present study was carbon steel; its chemical composition is shown in Table 1 . Plate tensile specimens with a gage length of 5 mm, width of 4 mm, fillet radius of 5 mm, and thickness of 1.6 mm were cut from a rolled sheet. The specimens were annealed at 900 C for 0.5 h in an argon atmosphere; then, they were quenched in water to room temperature and finally tempered at 200 C for 1.5 h (QT). For comparison, fully annealed specimens were also prepared (AN). One of the specimen surfaces was polished by emery papers (#240, #800, and #1200) and buffed with alumina paste (0.05 mm) to obtain a mirror-finished surface. This surface was covered with a protective film. The surface opposite to the mirror-finish surface was only polished by emery papers (#240, #800). Cathodic hydrogen charging was then performed in a 0.5 mol/l H 2 SO 4 solution at a current density of 100 A/m 2 for 3 h at room temperature. For comparison, a similar polished specimen was prepared without cathodic hydrogen charging. The amount of hydrogen gas contained in the hydrogen-charged and uncharged specimens was measured by thermal deposition analysis (TDA) using gas chromatography. For TDA, a highly pure argon carrier gas (99.999% purity) was passed through a quartz glass tube that contained the test specimen at a flow rate of 20 mL/min. The amount of hydrogen gas was measured at 1 min intervals while the specimen was heated.
The specimen weighed about 1 g and the heating rate was 100 C/h. For the hydrogen-charged specimens, TDA measurement was performed 1.5 h after the hydrogen charging operation.
Hydrogen microprint technique test
In the HMT, 30 min after the hydrogen charging operation, the protective film on the mirror-finished surface was removed and the surface was covered with a collodion layer to prevent the reduction of Ag þ to Ag by iron atoms. The collodion layer was then covered with a liquid nuclear emulsion (Ilford L-4, diluted with pure water) containing gelatin and silver bromide (AgBr) crystals using a wire loop method and dried for 1 h. The retention time from the end of the hydrogen charging operation until covering the AgBr emulsion was controlled to be 1.5 h, which corresponded to the same timing as the TDA analysis, as indicated in the previous section. Within 5 min after drying the emulsion on the specimen surface, the specimens were tensile-deformed at an initial strain rate of 6:7 Â 10 À3 s
À1
in laboratory air. After applying the designated strain, the specimens were removed from the testing machine and dipped into formalin (37 mass% HCHO water solution) exactly 10 min after starting the tensile test for 3 s to harden the gelatin layer; then, the specimens were immersed in a fixing solution (15 mass% Na 2 S 2 O 3 water solution) for 6 min to remove the remaining silver bromide particles that did not react with the hydrogen atoms. In all these tests, 10 mass% NaNO 2 water solution was used to dilute the solutions to prevent any corrosion in aqueous solutions. For comparison, a specimen without tensile deformation was examined using HMT. The arrangement of silver particles was observed using a scanning electron microscope (SEM) equipped with an energy dispersive X-ray spectrometer (EDXS).
Hydrogen desorption analysis using UHV tensile test
Immediately after the hydrogen charging operation, the specimen for the hydrogen evolution test was placed on the jig of the tensile testing apparatus equipped with a quadrupole mass spectrometer (QMS) installed in the UHV chamber. The tensile test of the hydrogen-charged and uncharged specimens was carried out 24 h after maintaining the specimens in a UHV atmosphere in order to obtain a vacuum level of 1:0 Â 10 À6 Pa. In this study, the baking operation for the UHV chamber was not performed in order to carry out the tensile test at room temperature. The hydrogen evolution from the specimen was evaluated from the hydrogen ion current. The tensile tests were performed at an initial strain rate of 6:7 Â 10 À3 s À1 .
Results and Discussion

Effect of hydrogen charging on tensile properties
TDA was carried out to determine the amount of hydrogen in the specimens that were kept at room temperature for 1.5 h after cathodic hydrogen charging, as shown in Fig. 1 . It is evident that a single peak of hydrogen evolution will appear at 70 C when hydrogen is cathodically charged. By integrating the relation between the hydrogen evolution rate below 300 C and temperature, the diffusive hydrogen concentration after hydrogen charging was calculated to be 1.42 mass ppm in the QT specimen and 0.10 mass ppm in the AN specimen. The uncharged QT and AN specimens contained 0.03 mass ppm and 0.01 mass ppm of hydrogen, respectively. It is clear that the QT specimen has a higher hydrogen absorption capacity than the AN specimen under similar hydrogen charging conditions. This difference in hydrogen concentration is attributed to the difference in trapping sites of hydrogen atoms in the microstructures between the two types of specimens since the QT specimen contains a large number of dislocations and twins induced by martensitic transformation, while the AN specimen is composed of a ferrite phase and a Fe 3 C phase.
The tensile properties of the hydrogen-charged and uncharged specimens are listed in Table 2 . Hydrogen embrittlement sensitivity was evaluated by the difference in the tensile properties between charged and uncharged specimens. As expected, the hydrogen embrittlement sensitivity of the QT specimen was higher than that of the AN specimen. This is because the microstructure of the QT specimen is mainly composed of a martensite phase. 4) The fracture appearance of the specimens after the tensile test is shown in Fig. 2 . At the center of the fracture surface, an intergranular fracture was clearly observed in the hydrogen-charged QT specimen, whereas transgranular fractures were observed in the hydrogen-charged and uncharged AN specimens and in the uncharged QT specimen. On the other hand, ductile dimple fracture was partly observed even in the hydrogencharged QT specimen at the edge of the fracture surface, which corresponded to the final fracture zone, as shown in Fig. 3 . 
Hydrogen microprint technique test
HMT images of the uncharged AN specimen after tensile deformation are shown in Fig. 4 . The white particles were not visible when the applied strain ranged from 0 to 9.4%. On the other hand, distribution of the white particles was clearly observed when the applied strain exceeded 27.2%. In addition, the area density of the observed white particles increased when the applied strain was increased from 27.2 to 48.2%. The white particles observed on the matrix phase were identified as silver particles by EDXS analysis, as shown in Fig. 5 . This suggests that the amount of hydrogen gas evolved to the surface increased with the applied strain. Distribution of silver particles around the Al 2 O 3 inclusions was also examined, as shown in Fig. 6 . Silver particles at the periphery of the inclusion were partially observed when the applied plastic strain exceeded 27.2%. However, silver particles were not observed directly on the Al 2 O 3 inclusions in all the applied strain ranges. Figure 7 shows HMT images of the hydrogen-charged specimens. Similar to the case of the uncharged specimens, distribution of silver particles to the surface was clearly observed when the applied strain exceeded 26.7%, which corresponds to the strain at maximum stress. Furthermore, silver particles were not directly identified on the Al 2 O 3 
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inclusions, as in the case of the QT specimen. In the hydrogen-charged AN specimen (" ¼ 26:7%), preferential arrangement of the silver particles in deformed regions such as slip lines and around the Al 2 O 3 inclusions was partially observed, as shown in Fig. 8 . This morphology suggests that hydrogen atoms are transported to the specimen surface by mobile dislocations during plastic deformation in a similar manner as explained previously. [16] [17] [18] [19] [20] HMT images of the hydrogen-charged and uncharged QT specimens are shown in Fig. 9 . In the uncharged QT specimen, silver particles were not observed in the undeformed state, while the arrangement of the silver particles in some deformed regions were identified in the specimen strained by 17.5%. Similar to the case of the uncharged AN specimen, hydrogen atoms in the uncharged QT specimen were transported to the specimen surface by mobile dislocations during plastic deformation. On the other hand, in the hydrogen-charged QT specimen, silver particles were densely distributed in the matrix phase even in the undeformed state. However, the preferential accumulation of silver particles along the deformed zone was not identified, probably due to the low fracture strain level (" ¼ 2:5%) resulting from hydrogen embrittlement. Furthermore, silver particles were not observed on the Al 2 O 3 inclusions in the hydrogen-charged and uncharged QT specimens after deformation, as shown in Fig. 10 .
Hydrogen desorption spectrometry in UHV tensile
test The stress-strain curves along with the variation in hydrogen ion currents in the hydrogen-charged and uncharged AN specimens are shown in Fig. 11 . It can be observed that hydrogen gas was evolved from the specimens during the early stage of elastic deformation, regardless of the hydrogen charging conditions. Almost the same amount of hydrogen gas was evolved from both the hydrogen-charged and uncharged AN specimens throughout deformation. Maximum hydrogen gas evolution was observed in the AN specimens strained by about 20%, which corresponded to the strain at maximum stress. Interestingly, this strain level of 20% is close to the strain level at which silver particles could be clearly observed in the HMT, as shown in Fig. 4 . On the other hand, at the instance of fracture, the hydrogen gas evolution was relatively low in both the AN specimens. The stress-strain relationship showed that both the AN specimens share a similar behavior. The changes in the hydrogen gas evolution in the QT specimens during the tensile test is shown in Fig. 12 . The hydrogen gas evolution from the hydrogen-charged and uncharged QT specimens was also detected at an early stage of deformation. Almost the same amount of hydrogen gas was evolved in both the QT specimens throughout the deformation. Maximum hydrogen evolution was observed in the specimens strained by about 15%, which corresponds to the strain at maximum stress, as in the case of the AN specimens. However, in both the QT specimens, a large amount of hydrogen gas evolved at the moment of fracture, which was not the case in the AN specimens. The hydrogen evolution continued for a period of time even after the fracture. Since the fracture surface was exposed immediately to the UHV atmosphere at the moment of fracture, hydrogen dissolved near the surface layer on the fracture zone would diffuse to the fracture surface continuously. The tensile properties of both the QT specimens were similar under UHV atmosphere; the observed properties are completely different from the properties obtained in laboratory air, as shown previously in Table 2 . On the basis of the hydrogen evolution and the tensile properties in the UHV test, it was assumed that a large amount of hydrogen atoms was released from the hydrogen-charged QT specimen during the holding operation for 24 h at room temperature in the UHV chamber. The recovery of ductility during the test in the UHV atmosphere can be attributed to the desorption of hydrogen during the holding operation in the UHV atmosphere for 24 h. In the case of the uncharged AN and QT specimens, the amounts of hydrogen ion currents were integrated by testing time in order to estimate the amount of hydrogen atoms evolved during deformation and at the moment of fracture. The amount of hydrogen gas evolved was calculated from the total quantity of electricity divided by Faraday's constant (¼ 9:64853 Â 10 4 C), as shown in Table 3 . The amount of hydrogen atoms evolved throughout deformation in the AN specimen (7:5 Â 10 À13 mol) was higher than that in the QT specimen (2:3 Â 10 À13 mol). This difference can be related to the degree of the transportation of hydrogen atoms by mobile dislocations resulting from the difference in the ductility, as reported previously. 20) On the contrary, the hydrogen evolution at the moment of fracture in the AN specimen (8:0 Â 10 À14 mol) was considerably lower than that in the QT specimen (more than 6:1 Â 10 À13 mol). This difference suggests that hydrogen gas was strongly trapped inside the microstructures, particularly in the QT specimen, just before the fracture occurred.
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Summary
Hydrogen evolution during a tensile test was visualized by means of HMT and by mass spectrometry in a UHV atmosphere. The results obtained from this study are summarized as follows: (1) In the HMT, preferential accumulation of silver particles was observed along a particular deformed region in the deformed AN and QT specimens. (2) Silver particles were not observed on the Al 2 O 3 inclusions after the deformation of the hydrogencharged and uncharged AN and QT specimens. (3) Mass spectrometry in the UHV tensile test revealed that hydrogen gas evolved from an early stage of deformation to the moment of fracture. (4) Maximum hydrogen evolution was observed in the uncharged specimens at a strain corresponding to the strain at maximum stress. (5) The hydrogen gas evolution behavior during the tensile test changed according to the difference in the microstructures between the AN and QT specimens. (6) Hydrogen embrittlement was suppressed when diffusive hydrogen was fully released into the UHV atmosphere at room temperature, particularly in the QT specimen. 
